Coordinated migration and progesterone production by granulosa cells is critical to the development of the corpus luteum, but the underlying mechanisms remain obscure. Sphingosine 1-phosphate (S1P), which is associated with follicular fluid high-density lipoprotein (FF-HDL), was previously shown to regulate ovarian angiogenesis. We herein examined the effects of S1P and FF-HDL on the function of granulosa lutein cells. Both FF-HDL and S1P induced migration of primary human granulosa lutein cells (hGCs) and the granulosa lutein cell line HGL5. In addition, FF-HDL but not S1P promoted progesterone synthesis, and neither of the two compounds stimulated proliferation of granulosa lutein cells. Polymerase chain reaction and Western blot experiments demonstrated the expression of S1P receptor type 1 (S1PR1), S1PR2, S1PR3, and S1PR5 but not S1PR4 in hGCs and HGL5 cells. The FF-HDL-and S1P-induced granulosa lutein cell migration was emulated by FTY720, an agonist of S1PR1, S1PR3, S1PR4, and S1PR5, and by VPC24191, an agonist of S1PR1 and S1PR3, but not by SEW2871 and phytosphingosine 1-phosphate, agonists of S1PR1 and S1PR4, respectively. In addition, blockade of S1PR3 with CAY1044, suramine, or pertussis toxin inhibited hGC and HGL5 cell migration toward FF-HDL or S1P, while blockade of S1PR1 and S1PR2 with W146 and JTE013, respectively, had no effect. Both FF-HDL and S1P triggered activation of small G-protein RAC1 and actin polymerization in granulosa cells, and RAC1 inhibition with Clostridium difficile toxin B or NSC23766 abolished FF-HDL-and S1P-induced migration. The FF-HDL-associated S1P promotes granulosa lutein cell migration via S1PR3 and RAC1 activation. This may represent a novel mechanism contributing to the development of the corpus luteum.
INTRODUCTION
The development of the corpus luteum represents a cellular and biochemical reorganization of the human follicle after ovulation that is characterized by neovascularization of granulosa lutein and theca cells and endothelial cells, as well as by de novo synthesis of progesterone. The migration of follicular cells into the central region of the developing corpus luteum is a centerpiece of luteal remodeling and is believed to be directed by diverse chemoattractant and chemorepellent factors [1, 2] . For instance, platelet-derived growth factors and cytokines such as vascular endothelial growth factor and fibroblast growth factor released into the follicular cavity during ovulation were suggested to exert regulatory effects on granulosa lutein cell migration [3, 4] . Nevertheless, the exact molecular mechanisms underlying the coordinated rearrangement of follicular cells during formation of the corpus luteum are not fully understood.
High-density lipoprotein (HDL) has long been recognized as the sole lipoprotein class that is present in follicular fluid until ovulation [5] . Follicular fluid HDL (FF-HDL) arises by selective filtration of plasma molecules through the follicle barrier but undergoes extensive remodeling involving cholesterol esterification and phospholipid transfer between the particles [6] . As a consequence, FF-HDL is richer in phospholipids and poorer in cholesterol, although the content of structural apolipoproteins A-I and A-II is similar to that of plasma HDL [7, 8] . While HDL in plasma is believed to protect against atherosclerosis by virtue of transporting cholesterol from peripheral tissues to the liver [9] , less is known about the physiological role of FF-HDL. We previously demonstrated that FF-HDL serves as a carrier of sphingosine 1-phosphate (S1P), a bioactive lysosphingolipid that regulates diverse biological functions of many cell types ranging from proliferation and survival to migration and secretion, and is recognized with high affinity by a family of five heptahelical receptors called S1P receptor types 1-5 (S1PR1-5) [10] [11] [12] . The S1P receptors couple to trimeric G-proteins, including Gi, Gq, and G 12/13 , and drive activation of intracellular phospholipases (i.e., phospholipase C), kinases (i.e., AKT and ERK), and small G-proteins (i.e., RAC1 and RHOA) [12, 13] . The S1P associated with plasma HDL was demonstrated to potently stimulate the proliferation and migration of endothelial cells, but it was shown to exert suppressive effects on the migration of smooth muscle cells in response to platelet-derived growth factor [14] [15] [16] . Our own investigations revealed that FF-HDLassociated S1P promotes formation of blood vessels from endothelial cells, which may facilitate transition of the follicle into the corpus luteum [10] .
Although granulosa lutein cells are constantly exposed to FF-HDL and thereby to S1P, the regulatory effects of both compounds on cellular responses relevant to the development of the corpus luteum have been not investigated to date. Therefore, the objective of the present study was to specifically address the influence of FF-HDL and S1P on the function of granulosa lutein cells. Our results document for the first time that both FF-HDL and S1P exert potent chemoattractant effects on human granulosa lutein cells (hGCs). We further show that stimulation of granulosa lutein cell migration by FF-HDL and S1P is mediated by S1PR3 and depends on activation of small G-protein RAC1.
MATERIALS AND METHODS

Materials
Primary antibodies against human S1PR3, S1PR5, and NSC23766 were purchased from Biozol. Secondary antibody linked to horseradish peroxidase was obtained from New England Biolabs. RNeasy Mini Kit, Omniscript Reverse Transcription Kit, QuantiTect Primer Assays for S1PR1-5, and QProteome Cell Compartment Kit were purchased from Qiagen. FTY720 and suramin sodium salt were obtained from Calbiochem. Progesterone Correlate-EIA, S1P, SEW2871, and antibodies against human S1PR1 and S1PR2 were obtained from Biomol. Pertussis toxin (PTX) and alkaline phosphatase (AP) were purchased from Sigma-Aldrich. Modified Boyden chambers were obtained from Omnilab. VPC24191 was purchased from Otto Nordwald GmbH, and Cay1044, W146, and JTE013 were obtained from IBLInternational. NBD-phallicidin was obtained from Invitrogen, and a RAC1 G-LISA Kit was purchased from Tebu-Bio. Norit A was purchased from Serva Electrophoresis and Ultroser G from PALL. Dextran T70 and Ficollpaque Plus were obtained from Pharmacia Biotech. Immortalized hGCs (HGL5) were a generous gift from Dr. Barbara Sonntag, University of Münster.
FF-HDL Isolation and Modification
FF-HDL was isolated by discontinuous potassium bromide gradient centrifugation (density range, 1.125-1.210 g/ml) from follicular fluid as described previously [7] . Sphingosine 1-phosphate-depleted FF-HDL was prepared either by treatment with AP from bovine intestinal mucosa or by incubation with charcoal. Briefly, AP (50 IU) was diluted in 0.45 ml of buffer containing 200 mmol/L of Tris-HCl (pH 4.5) and 75.0 mmol/L of MgCl 2 in 2.0 mol/L of glycine (pH 9.0) and added to FF-HDL. After incubation for 30 min at 378C, AP was neutralized with HCl. Follicular fluid high-density lipoprotein was swirled with charcoal (0.5% Norit A) overnight at 48C. Thereafter, FF-HDL was centrifuged for 10 min at 2300 rpm to eliminate resting charcoal. Heat inactivation was performed by incubation of FF-HDL for 30 min at 808C. After cooling on ice, FF-HDL was centrifuged for 20 min at 4000 rpm. No apparent denaturation of HDL particles was observed following heat inactivation on agarose electrophoresis (data not shown). Both native and modified FF-HDL were stored at 48C in the dark. The protein content in each HDL fraction was determined using the method by Lowry et al. [17] . Native and modified FF-HDL were used in equivalent amounts standardized with respect to the total protein content.
Determination of S1P
S1P levels were determined as described previously [10] . Briefly, FF-HDL was mixed with methanol/HCl (1:1 v/v), and lipids were extracted by the addition of 1 volume of chloroform/NaCl. After alkalization with NaOH, the aqueous phase was transferred into a siliconized glass tube, and the organic phase was re-extracted with methanol/NaCl/NaOH. The aqueous phases were combined, acidified, and extracted twice with chloroform. The organic phases were evaporated, and the dried lipids were dissolved in methanol/K 2 HPO 4 . The resolved lipids were derivatized with o-phthaldialdehyde. The derivatives were analyzed with a LiChrom HPLC system (Merck-Hitachi) using an RP 18 Kromasil column (Chromatographie Service GmbH). Separation was performed with a gradient of methanol/K 2 HPO 4 (0.07 mol/L). The recovery of S1P was calculated using dihydro-S1P as a standard.
Isolation and Culture of hGCs
Human granulosa lutein cells were obtained from women undergoing ovarian hyperstimulation with recombinant follicle-stimulating hormone (Gonal F; Serono) after pituitary desensitization with nafarelin acetate (Synarela; Pharmacia) for in vitro fertilization or intracytoplasmic sperm injection. Ovulation induction was performed by administration of 10 000 IU of human gonadotropin (Choragon) when at least three follicles reached a diameter of at least 18 mm. Follicular fluids were aspirated transvaginally after 36 h under ultrasonographic guidance, and cells were separated from follicular fluid by sedimentation. Briefly, cells were suspended in PBS, layered over Ficoll-paque Plus density gradient solution, and centrifuged at 800 3 g for 20 min. The interphase layer was removed and washed twice with PBS containing 0.1% (v/v) bovine serum albumin (BSA). The remaining erythrocytes were hemolyzed with a buffer containing 155 mmol/L of NH 4 Cl, 10 mmol/L of KHCO 3 , and 1 mmol/L of edetic acid (pH 7.2). Cells were maintained in RPMI 1640 supplemented with 2% (v/v) Ultroser G, 1.0% (v/v) L-glutamine, 1.0% (v/ v) penicillin/streptomycin, and 2.5% (v/v) fetal bovine serum under standard conditions. For all experiments, cells obtained from three to four patients were pooled, and only the second cell passage was used. HGL5 cells were grown in the same media as hGCs.
Cell Migration Assay
Cell migration was assessed using modified Boyden chambers with 3-lm polycarbonate filters. Briefly, hGCs and HGL5 cells (1 3 10 5 cells) resuspended in RPMI 1640 containing 0.1% (v/v) BSA were loaded onto the upper compartment of the chamber. The lower compartment was filled with the same medium containing FF-HDL or S1P. After 20 h at 378C, the top of the filter was scraped to remove nonmigrated cells. The filter was fixed with methanol at 48C for 1 h and stained with 0.1% (m/v) crystal violet. The optical density of the staining was determined at 570 nm using a 96-well microplate reader.
Cell Proliferation Assay
The hGCs and HGL5 cells (1 3 10 4 cells) were seeded in 96-well plates and incubated with 0.1 ml of serum-free medium containing follicular fluid, FF-HDL, or S1P for 20 h at 378C. Cell proliferation was assessed by determination of 5 0 -bromo-2 0 -deoxyuridine incorporation using a commercially available assay (Roche).
Determination of Progesterone Synthesis
The hCGs and HGL5 cells (1 3 10 5 cells) were seeded in 24-well plates and made quiescent by overnight starvation. Thereafter, cells were incubated with various concentrations of FF-HDL or S1P for 24 h. Cell culture supernatants were harvested, centrifuged at 13 000 rpm at 48C, and stored at À808C. Determination of progesterone concentration was performed with Progesterone Correlate-EIA according to the manufacturer's instructions.
Polymerase Chain Reaction
Total RNA from hGCs was isolated with the RNeasy Mini Kit. One microgram of DNase-treated total RNA was assembled for cDNA synthesis with the Omniscript Reverse Transcription Kit. The resulting cDNA was subjected to RT-PCR with primers specific for human S1PR1 (forward primer 5 0 -CTCCACAACGGGAGCAATAAC-3 0 , reverse primer 5 0 -CAGCGCACT GATGCAGTT-3 0 ) synthesized by Metabion. Primers specific for other human S1P receptors were obtained from Qiagen (QT00244251 for S1PR2, QT00230846 for S1PR3, QT1192744 for S1PR4, and QT00234178 for S1PR5). Two micrograms of cDNA was amplified with 1.0 U of HotStarTaq DNA Polymerase (Qiagen) in a 25-ll reaction mixture containing 1.5 mmol/L of MgCl 2 , 0.2 mmol/L of deoxyribose triphosphate mix, and each of the primer pairs (2.5 ll). The amplification protocol comprised 35 cycles of denaturation at 948C for 0.5 min, annealing at 588C for 20 sec, extension at 728C for 20 sec, and a final extension at 72 8C for 10 min. The PCR products were separated on a 1.5% agarose gel, and amplified bands were visualized with ethidium bromide.
SDS-PAGE and Western Blotting
For detection of S1PR1, S1PR2, and S1PR5, cytoplasmic and membrane proteins were isolated with the QProteome Cell Compartment Kit. Proteins were subjected to SDS-PAGE (10%), transferred to nitrocellulose membranes, and blocked with Trisbuffered saline-Tween 20 containing 5% (v/v) nonfat powdered milk for 1 h. Antibodies against S1PR1, S1PR2, and S1PR3 were diluted 1:500 in blocking agent, while the antibody against S1PR5 was diluted 1:1000. Bands were visualized using the enhanced chemiluminescence detection system. Loading controls were performed using antibody against human b-actin.
Assessment of Actin Polymerization
Staining of F-actin was performed using NBD-phallicidin. Briefly, hCGs and HGL5 cells were grown on coverslips and made quiescent by overnight starvation. Following stimulation with agonists, cells were washed twice, fixed with 3.7% (v/v) paraformaldehyde for 10 min, and permeabilized with 0.1% (v/ v) Triton X-100 in PBS for 5 min. To reduce nonspecific background, fixed cells were preincubated with PBS containing 1% (v/v) BSA for 30 min. Staining for F-actin was performed using NBD-phallicidin (1.0 IU) in PBS for 60 min. Bound fluorescence was dissolved for 2 h in 0.2 ml of methanol, and fluorescence intensity of supernatants was determined using unstained cells as negative controls and staining solution as a positive control.
RAC1 Activation Assay
RAC1 activation was measured with the RAC1 G-LISA assay according to the manufacturer's protocol. Briefly, hCGs and HGL5 cells (2 3 10 5 cells) were made quiescent by overnight starvation. Thereafter, cells were incubated with agonists and lysed, and 60 lg of proteins was applied to the assay. RAC1 activation was detected using a LumiCount microplate luminometer (Packard Instruments). The degree of RAC1 activation was determined by comparing readings from activated and nonactivated cells and RAC1 protein as a positive control.
Statistical Analysis
All experiments were performed in triplicate and repeated three times. Data are presented as the mean 6 SD relative to controls unless otherwise indicated. Data were analyzed by ANOVA or Student t-test.
RESULTS
FF-HDL and S1P Induce Migration of hGCs
Migration and progesterone synthesis represent granulosa lutein cell functions that are relevant to the development and maintenance of the functional corpus luteum. Therefore, we first investigated whether FF-HDL and its lipid component S1P affect the migration of hGCs and HGL5 cells. Because plasmaderived HDL (P-HDL) was shown to exert mitogenic effects on several cell types, we also examined the effect of FF-HDL on granulosa lutein cell proliferation. As shown in Figure 1A , exposure of both hGCs and HGL5 cells to FF-HDL in a Boyden chamber resulted in a migratory response, which reached the maximum at FF-HDL concentrations close to those encountered in follicular fluid [6] [7] [8] and decreased at higher levels of the lipoprotein. Similar effects were observed in cells exposed to P-HDL (Fig. 1A) . Likewise, concentrations of S1P seen in follicular fluid [10] induced migration of hGCs and FIG. 1. Effect of FF-HDL and S1P on migration, proliferation, and progesterone synthesis of hGCs. Quiescent hGCs and HGL5 cells were incubated in the presence of indicated concentrations of FF-HDL and S1P (A, B, D, and E) or with FF-HDL or S1P at concentrations that have shown maximal stimulatory effects on cell migration (1.2 and 0.8 g/L in hGCs and HGL5 cells, respectively, for FF-HDL; 0.1 and 0.2 lmol/ L in hGCs and HGL5 cells, respectively, for S1P) (C and F). Plasma-derived HDL was used at a concentration of 0.8 mg/dl (A,
with FF-HDL, P-HDL, and S1P. The results shown are relative normalized to untreated cells as a control. *P , 0.05, **P , 0.01, ***P , 0.001 (treatment vs. control). (Fig. 1B) . In contrast, FF-HDL, P-HDL, and S1P failed to promote proliferation of hGCs and HGL5 cells (Fig. 1C) . A significant increase in proliferation rates was observed, however, in hGCs and HGL5 cells exposed to native follicular fluid (80% [v/v]).
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Because P-HDL was reported to stimulate progesterone synthesis in granulosa lutein cells in vitro [18, 19] , we further explored the possibility that FF-HDL regulates progesterone synthesis via its S1P content. As shown in Figure 1 , D and E, incubation of serum-starved hGCs and HGL5 cells with FF-HDL led to time-and dose-dependent stimulation of progesterone release, with the largest increase observed between 1.2 and 1.6 g/ml of FF-HDL. By contrast, 0.1 and 0.2 lmol/L of S1P exerted no stimulatory effects on progesterone release in hGCs and HGL5 cells, respectively, after 24 h of exposure (Fig. 1F) . As expected, stimulation of progesterone synthesis was observed in granulosa lutein cells exposed to P-HDL (Fig. 1F) .
S1P Accounts for the Motogenic Effects of FF-HDL
To provide further evidence supporting the notion that S1P accounts for the motogenic effects of FF-HDL, we examined the migration of hGCs and HGL5 cells toward FF-HDL depleted of S1P. As shown in Figure 2A , exposure of FF-HDL to AP or charcoal substantially reduced its S1P content. Figure  2B shows that the capacity of FF-HDL to induce hGC and HGL5 cell migration was substantially impaired after treatment with AP or charcoal. We further examined the effect of heat treatment on FF-HDL-induced migration of granulosa lutein cells. While such treatment has only a marginal effect on the S1P content in FF-HDL ( Fig. 2A) , it would be expected to denature migration-stimulating proteins and peptide factors associated with FF-HDL. As shown in Figure 2B , heat-treated FF-HDL fully retained its capacity to induce migration of hGCs and HGL5 cells.
S1P Receptors Are Expressed in hGCs
The motogenic effects of P-HDL and S1P in several cell types are mediated by specific G-protein-coupled receptors [20, 21] . Therefore, we next examined the expression of these receptors in hGCs by means of PCR. Figure 3A shows PCR products corresponding to mRNA specific for S1PR1, S1PR2, S1PR3, and S1PR5 in both hGCs and HGL5 cells. By contrast, mRNA specific for S1PR4 could not be detected (data not shown). These results were confirmed by Western blot analysis for the determination of protein expression. As shown in Figure  3B , positive signals for S1PR1, S1PR2, S1PR3, and S1PR5 were detected in protein lysates from both hGCs and HGL5 cells. By contrast, no signal corresponding to S1PR4 could be detected in these lysates (data not shown). The appearance of double bands in blots demonstrating S1PR1 and S1PR2 may be related to posttranslational N-terminal glycosylation [11, 22] .
S1PR3 Is Involved in the Stimulatory Effects of FF-HDL and S1P on Granulosa Lutein Cell Migration
To address the identity of S1P receptor specifically responsible for mediating the migration-promoting effects of FF-HDL and S1P in hGCs and HGL5 cells, pharmacological agonists and antagonists of the S1P receptor family were applied in concentrations previously shown to produce maximal functional effects. Initially, FTY720, a specific agonist of S1PR1, S1PR3, S1PR4, and S1PR5, and VPC24191, an agonist of S1PR1 and S1PR3, were used [23, 24] . As shown in Figure 4A , both compounds stimulated migration of both hGCs and HGL5 cells to the extent comparable to FF-HDL and native S1P. By contrast, both SEW2871, a highly selective S1PR1 agonist [25] , and S1P AND GRANULOSA CELL MIGRATION phytosphingosine 1-phosphate, a putative agonist of S1PR4 [26] , failed to exert any significant effect on hGC and HGL5 cell migration. Taken together, these results suggest that signaling via S1PR3 is linked to stimulation of the migratory response in granulosa lutein cells. To more specifically investigate the involvement of S1PR3 in mediating the chemotactic effects of FF-HDL and S1P, migration assays were performed in the presence of compounds interfering with S1PR3 signaling. As shown in Figure 4 , B and C, pretreatment of both hGCs and HGL5 cells with suramin (a nonselective antagonist) or Cay10444 (a highly selective S1PR3 antagonist) [27, 28] completely abolished the motogenic effects exerted by FF-HDL or S1P. Similar full inhibitory effects were observed when hGCs and HGL5 cells were pretreated with PTX, which is known to inhibit activation of Ga i and Ga 0 trimeric Gproteins coupled to S1PR3 [29] . By contrast, W146 and JTE013, specific S1PR1 and S1PR2 antagonists [30, 31] , respectively, failed to affect the chemotactic effects of FF-HDL and S1P. Collectively, these results suggest that migratory responses evoked by FF-HDL and S1P in granulosa lutein cells are at least partially mediated by S1PR3.
RAC1 Is Involved in FF-HDL-and S1P-Stimulated Migration of hGCs
Previous studies [20, 32, 33] documented that S1PR3-mediated chemotactic response toward S1P entails activation of small glutamyl transpeptidase RAC1 in Chinese hamster ovary, B16 melanoma, and endothelial cells. Therefore, we next assessed whether RAC1 activation is required for the induction of migratory response in granulosa lutein cells exposed to FF-HDL or S1P. As shown in Figure 5 , A and B, incubation of hGCs or HGL5 cells with FF-HDL or S1P increased the amount of activated (glutamyl transpeptidase bound) RAC1 in these cells in a time-dependent manner. Because activation of RAC1 is often associated with the polymerization of monomeric G-actin to filamentous F-actin, we also analyzed actin polymerization in granulosa lutein cells after incubation with FF-HDL or S1P. Figure 5C shows that FF-HDL evoked actin polymerization in hGCs and HGL5 cells in a timedependent manner, with a maximum reached 60 min after stimulation. Similarly to FF-HDL, exposure of granulosa lutein cells to S1P provoked an increase in actin polymerization, although the stimulating effect of S1P was stronger after 30 min (Fig. 5D) . The stimulatory effects of both FF-HDL and S1P were fully abolished in cells pretreated with 50 ng/ml of toxin B from Clostridium difficile, which blocks activation of small G-proteins RHO, RAC1, and CDC42, or with NSC23766, a compound specifically blocking RAC1 but not CDC42 activation [34] (Fig. 5, E and F) .
To gain evidence supporting the participation of RAC1 in FF-HDL-and S1P-stimulated migration, it was studied in hGCs and HGL5 cells pretreated with toxin B or NSC23766. As shown in Figure 5 , G and H, both compounds completely abolished cell migration toward both FF-HDL and S1P. By contrast, neither FF-HDL-nor S1P-induced granulosa cell migration was affected by Y-27632, an inhibitor of the Rhoassociated coiled-coil containing protein kinase (Rho kinase) [35] , which is the major effector kinase that is stimulated in response to RHO activation.
DISCUSSION
Ovarian folliculogenesis and formation of the corpus luteum are both critical for the establishment of a successful pregnancy. These processes involve coordinated migration of granulosa lutein cells and progesterone synthesis but are incompletely understood. Several protein and peptide factors present in follicular fluid such as vascular endothelial growth factor, fibroblast growth factor, connective tissue growth factor, as well as chemokines such as macrophage migration inhibitory factor, were previously recognized to exert mitogenic and/or motogenic effects on granulosa cells [4, [36] [37] [38] . The present study provides several pieces of evidence suggesting that S1P, a bioactive lipid present in follicular fluid in association with HDL, induces chemotactic response in both primary hGCs and the immortalized cell line HGL5. First, FF-HDL and S1P applied in equivalent amounts triggered a biphasic cell migration response, which peaked at concentrations of both compounds that are normally encountered in follicular fluid [6] [7] [8] 10 ] and diminished at higher concentrations (Fig. 1, A and B) . Second, the motogenic effects of FF-HDL deprived of S1P were substantially reduced. By contrast, heat treatment of FF-HDL, which preserves its S1P content but results in thermal denaturation of protein and peptide chemoattractants, failed to affect the ability of this lipoprotein to induce granulosa cell migration (Fig. 2) . Third, the migratory responses of hGCs and HGL5 cells triggered by FF-HDL or S1P were both abolished by interrupting the S1P-linked intracellular signaling with pharmacological inhibitors of S1P-specific receptors or trimeric G-proteins involved in this process (Fig. 4, B and C) . In contrast, neither FF-HDL nor S1P induced mitogenic effects in granulosa lutein cells.
FF-HDL has long been recognized as the sole lipoprotein class that is present in follicular fluid until ovulation [5] [6] [7] .   FIG. 3 . Expression of S1PR1, S1PR2, S1PR3, and S1PR5 in hGCs and HGL5 cells. Expression of S1P receptors in hGCs and hGL5 cells was explored using PCR and Western blot. Human umbilical vein endothelial cells (HUVEC) were used as a positive control. A) The PCR products of cDNA amplified with specific primers of human S1P receptors were separated on 1.5% agarose gel and stained with ethidium bromide. B) Protein lysates derived from hGCs, HGL5 cells, and HUVEC were separated by SDS-PAGE and transferred to nitrocellulose membranes. Protein expression of S1P receptors was detected by immunoblotting with specific antibodies. Shown are typical results for one of three experiments.
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While HDL in plasma is believed to be protective against atherosclerosis by virtue of transporting cholesterol from peripheries to the liver [9] , less is known about the physiological role of FF-HDL. High-density lipoprotein isolated from plasma was shown to deliver cholesterol to hGCs through a selective uptake pathway utilizing the scavenger receptor class B type 1 [39] , as well as to stimulate progesterone synthesis in a process involving increased generation of luteotropic prostaglandins and cAMP [40, 41] . The present study documents that (similar to plasma lipoprotein) FF-HDL is capable of stimulating ovarian steroidogenesis (Fig. 1, D-F) . However, the production of progesterone remained unaltered in hCGs and HGL5 cells exposed to S1P, indicating that this lysosphingolipid is irrelevant for FF-HDLinduced steroid synthesis. In this context, it is notable that S1P was previously shown to suppress progesterone synthesis in late-stage luteal cells and Leydig tumor cells stimulated with luteotropic hormone or with cAMP analogue [42] . Therefore, it cannot be excluded that FF-HDL exerts dual effects on ovarian steroidogenesis that are stimulatory by substrate provision and suppressive by S1P signaling.
To exert its physiological effects, S1P utilizes G-proteincoupled receptors belonging to the endothelial differentiation gene family (EDG) [12, 13] . The present study for the first time documents at both RNA and protein levels the expression of S1P-specific EDG receptors in hGCs (Fig. 3) . Of five S1P receptors identified to date, only S1PR4 was expressed on neither hGCs nor HGL5 cells. This is in concordance with previous results demonstrating that S1PR4 expression is confined to cells of hematopoietic origin [43] . The present results further suggest that of five S1P receptors at least S1PR3 is linked to the chemotactic effects exerted by this lysosphingolipid in granulosa lutein cells. This is supported by the observation that the synthetic S1P analogue specific for both S1PR1 and S1PR3, but not S1P analogues exclusively specific for S1PR1 or S1PR4, emulated the ability of native S1P to stimulate migration of both hGCs and HGL5 cells (Fig. 4A) . Conversely, S1PR3 blockade with two structurally unrelated compounds, suramin and CAY1044-but not S1PR1 and S1PR2 blockade with specific receptor antagonists W146 and JTE013, respectively-abolished chemoattractant effects exerted by FF-HDL and S1P (Fig. 4, B and C) . In addition, FF-HDL-and S1P-induced granulosa lutein cell motility was inhibited in the presence of PTX, which irreversibly modifies and deactivates Gi, a trimeric G-protein preferentially coupled to S1PR3. The involvement of S1P receptors in mediating chemotactic responses was shown in several cell systems [44] [45] [46] . For instance, overexpression of either S1PR1 or S1PR3 in Chinese hamster ovary or B16 melanoma cells conferred on them the ability to migrate toward S1P, while overexpression of S1PR2 exerted opposite effects [21, 32, 47] . Likewise, S1P-triggered motogenic effects linked to S1PR1 and S1PR3 were observed in endothelial cells [14, 48] . In these latter cells, S1PR1-mediated cell migration was obligatorily preceded by activation of protein kinase AKT [33, 49] . However, both FF-HDL and S1P failed to stimulate AKT in hGCs and HGL5 cells (Becker and Nofer, unpublished results), which may explain the lack of involvement of S1PR1 in FF-HDL-and S1P-induced granulosa cell migration. Our results do not entirely exclude S1PR5 as a receptor mediating the motogenic effects Cell migration was examined after 4 h using modified Boyden chambers. B and C) Quiescent hGCs (black bars) and HGL5 cells (white bars) were pretreated for 30 min with PTX (100 ng/mL), S1PR3 antagonists Cay1044 (1.0 lmol/L) or suramin (SU) (100 lmol/L), S1PR1 antagonist W146 (10.0 lmol/L), or S1PR2 antagonist JTE013 (10.0 lmol/L). Subsequently, cells were stimulated with FF-HDL (B) or S1P (C) in the presence or absence of these inhibitors. Cell migration was examined after 4 h using modified Boyden chambers. The results shown are relative normalized to untreated cells as a control. *P , 0.05, **P , 0.01 (treatment vs. control). S1P AND GRANULOSA CELL MIGRATION of FF-HDL and S1P in granulosa lutein cells. However, the full inhibition FF-HDL-and S1P-induced chemotaxis in the presence of S1PR3 antagonists makes the involvement of S1PR5 less likely.
Previous studies [50] [51] [52] identified RAC1 as a centerpiece of an intracellular signaling network regulating cell motility. Both Chinese hamster ovary and B16 melanoma cells overexpressing S1PR1 or S1pr3, as well as endothelial cells exposed to S1P, were shown to activate RAC1 before cortical actin assembly, which is a crucial step enabling formation of filopodia and effective chemotaxis [21, 32, 53] . The present study recapitulates these findings in hGCs by demonstrating RAC1 activation and RAC1-dependent formation of actin polymers in response to FF-HDL and S1P (Fig. 5, A-D) .
Moreover, exposure of hGCs and HGL5 cells to toxin B from C. difficile, which covalently modifies and deactivates small Gproteins (including RAC1), or to NSC23766, which specifically inhibits RAC1, markedly attenuated their chemotaxis toward FF-HDL and S1P (Fig. 5, G and H) . By contrast, no effects on granulosa lutein cell migration were observed after pretreatment of cells with Y-27632, a specific inhibitor of Rho kinase, which argues against the involvement of the Rho/Rho kinase pathway in the motogenic effects exerted by FF-HDL and S1P. In this regard, it should be noted that activation of RHO and/or Rho kinase in response to S1P is mediated via S1PR2 rather than S1PR3 in Chinese hamster ovary, B16 melanoma, and endothelial cells and that Rho mediates the   FIG. 5 . The FF-HDL-and S1P-stimulated migration is associated with activation of small glutamyl transpeptidase RAC1 and an increase in polymerized actin. A-D) Quiescent hGCs (black bars) and HGL5 cells (white bars) were incubated for indicated times with FF-HDL (1.2 and 0.8 g/L, respectively) (A and C) or S1P (0.1 and 0.2 lmol/L, respectively) (B and D). Activated RAC1 was determined using ELISA (A and B). Actin polymerization was determined after extraction of bound NBD-phallicidin using fluorescence spectroscopy (C and D) . The results shown are relative normalized to untreated cells as a control. E-H) Quiescent hGCs (black bars) and HGL5 cells (white bars) were pretreated for 30 min with toxin B from C. difficile (50 ng/mL), RAC1 inhibitor NSC23766 (10.0 lmol/L), or Rho kinase inhibitor Y-27632 (10.0 lmol/L) before stimulation with FF-HDL or S1P. Actin polymerization was examined as aforedescribed (E and F). Cell migration was examined after 4 h using modified Boyden chambers (G and H). *P , 0.05, **P , 0.01 (treatment vs. control).
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inhibition of RAC1 activation and the suppression of migratory responses [21, 32] .
There is growing evidence that S1P significantly contributes to the regulation of key processes in reproduction. Decreased fertility was observed in S1PR2/S1PR3 double-deficient animals [54] . Conversely, administration of exogenous S1P was protective against germ cell loss induced by irradiation or by cytotoxic drugs used in cancer therapy, and S1P was suggested to improve fertility in situations where the developmental competence of oocytes is compromised [55, 56] . Moreover, S1P treatment was shown to suppress apoptosis of luteal cells and thereby to counteract prostaglandin-induced regression of the corpus luteum [57] . The expression of S1P receptors was previously documented in oocytes [58, 59] , and the present study extends these observations to granulosa lutein cells. In addition, by demonstrating the specific involvement of S1PR3 and RAC1 in granulosa lutein cell motility, our study also provides a mechanistic basis for better understanding the effects exerted by S1P during formation of the corpus luteum. How S1P may specifically regulate the coordinated movement of luteinizing granulosa cells toward the center of a follicle remains to be elucidated. However, platelets, which are present around the central areas of the follicle, represent a rich source of S1P, which is released in copious amounts on activation [3] . It would be tempting to speculate that activation of platelets, which in fact takes place during formation of the corpus luteum, may contribute to the generation of an S1P concentration gradient from the central cavity toward the peripheral stromal layer that is required for the coordinated movement of granulosa cells. Clearly, further investigations will be necessary to fully delineate mechanisms underlying the regulatory effects of S1P in reproduction.
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